The outer segments of rod and cone photoreceptor cells are highly specialized sensory cilia made up of hundreds of membrane discs stacked into an orderly array along the photoreceptor axoneme. It is not known how the alignment of the outer segment discs is controlled, although it has been suggested that the axoneme may play a role in this process. Mutations in the retinitis pigmentosa 1 (RP1) gene are a common cause of retinitis pigmentosa (RP). Disruption of the Rp1 gene in mice causes misorientation of outer segment discs, suggesting a role for RP1 in outer segment organization. Here, we show that the RP1 protein is part of the photoreceptor axoneme. Amino acids 28 -228 of RP1, which share limited homology with the microtubule-binding domains of the neuronal microtubule-associated protein (MAP) doublecortin, mediate the interaction between RP1 and microtubules, indicating that the putative doublecortin (DCX) domains in RP1 are functional. The N-terminal portion of RP1 stimulates the formation of microtubules in vitro and stabilizes cytoplasmic microtubules in heterologous cells. Evaluation of photoreceptor axonemes from mice with targeted disruptions of the Rp1 gene shows that Rp1 proteins that contain the DCX domains also help control axoneme length and stability in vivo. These results demonstrate that RP1 is a MAP. Given the specific expression of RP1 in photoreceptors, RP1 is thus the first photoreceptor-specific MAP to be identified. Furthermore, these findings indicate that the RP1 form of inherited retinal degeneration is part of the larger class of neurodegenerative diseases caused by MAP dysfunction.
Introduction
Mutations in the retinitis pigmentosa 1 (RP1) gene are a common cause of retinitis pigmentosa (RP), a common form of inherited blindness characterized by death of the photoreceptor cells of the retina (Pierce et al., 1999; Berson et al., 2001) . As for most of the 100ϩ identified retinal degeneration disease genes, the function of the RP1 protein in vision and the mechanism by which the identified mutations lead to photoreceptor cell death are not completely understood (Pierce, 2001; Pacione et al., 2003; RetNet, 2004) .
The four-exon RP1 gene encodes a 2156 amino acid protein that is expressed exclusively in photoreceptor cells (Guillonneau et al., 1999; Pierce et al., 1999; Sullivan et al., 1999) . The RP1 protein is located in the region of the connecting cilium and axoneme of photoreceptor cells . The "connecting cilium" is the small bridge that links the outer segment to the cell body of photoreceptors (see Fig. 1 E) . The outer segments of rod and cone photoreceptor cells are highly specialized sensory cilia, with hundreds of membrane discs stacked into an ordered array. Like other cilia, photoreceptor outer segments contain a microtubule-based axoneme, which begins at the basal body in the distal portion of the inner segment, passes through the connecting cilium, and continues into the outer segment for up to 80% of its length (Rohlich, 1975; Kaplan et al., 1987) . Because the outer segment discs line up perfectly along the axoneme, it has been suggested that the axoneme may stabilize the stack of disc membranes (Kaplan et al., 1987) . Despite this central role in photoreceptor biology, little is known about the axoneme and the factors that control its length and stability (Song and Dentler, 2001) .
The phenotypes of two lines of mice with distinct targeted disruptions of the Rp1 gene suggest that RP1 participates in organizing outer segment discs. The Rp1-exon 2-3 deletion allele (designated herein as ⌬2-3) was produced by removing exons 2 and 3 from the gene. An abnormal Rp1 protein that is lacking the N-terminal 269 amino acids is produced in the retinas of Rp1-⌬2-3 mice (Gao et al., 2002) . The Rp1-myc allele was generated by truncating the mouse Rp1 coding sequence to mimic the most common mutation (Arg677Ter) in RP1 (Liu et al., 2003) . Both homozygous Rp1
⌬2-3/⌬2-3 and Rp1 myc/myc mice experience rapid retinal degeneration characterized by the accumulation of small packets of intact but incorrectly oriented discs in place of outer segments (Gao et al., 2002; Liu et al., 2003) .
Given the importance of microtubule-associated proteins (MAPs) in regulating microtubules, which in turn are responsible for determining cell shape, it has been suggested that MAPs associated with outer segments could play a role in controlling outer segment organization (Shichi, 1983) . Exons 2 and 3 of RP1 (codons 1-262) share limited homology (31%) with the microtubule-binding domains of doublecortin (DCX), a neuron-specific MAP that is required for neuronal migration during development (Francis et al., 1999; Gleeson et al., 1999) . The location of RP1 in the region of the connecting cilium and axoneme of photoreceptors and the presence of the possible DCX domains in RP1 suggest that RP1 could be a MAP. To gain further insight into the function of the RP1 protein, we have refined the location of the protein in photoreceptors and investigated the function of the DCX domains in vitro and in vivo. Our results indicate that RP1 is a photoreceptor-specific MAP that participates in controlling the length and stability of the photoreceptor axoneme.
Materials and Methods
Animals. This research followed the University of Pennsylvania Guidelines for Animal Care and Use. Wild-type C57BL/6J mice were obtained from Jackson Laboratories (Bar Harbor, ME). The Rp1-myc mice were generated in our laboratory, and the Rp1-exon 2-3 deletion mice were obtained from Dr. Jian Zuo (Gao et al., 2002; Liu et al., 2003) . Homozygous Rp1
⌬2-3/⌬2-3 and Rp1 myc/myc mice were crossed to generate the double mutant Rp1 myc/⌬2-3 mice. Immunofluorescence microscopy. Eyes from wild-type adult mice or 2-week-old double mutant Rp1 myc/⌬2-3 mice were processed in two different ways for immunostaining experiments. For double immunostaining using anti-retinitis pigmentosa GTPase regulator (RPGR) antibodies, eyes were enucleated, snap-frozen, embedded in OCT without fixation, and cryosectioned at 10 m. Sections were postfixed with 1% paraformaldehyde in PBS for 10 min before immunostaining was performed . For immunostaining using other antibodies, the eyes were enucleated after cardiac perfusion with 4% paraformaldehyde in PBS, pH 7.4, and fixed in 4% paraformaldehyde for 3 hr, embedded in OCT freezing media, and cryosectioned at 10 m. The frozen sections were then immunostained as described previously . The primary antibodies used were chicken polyclonal anti-CЈ-Rp1 , monoclonal anti-myc (Cell Signaling Technology, Beverly, MA), anti-acetylated ␣-tubulin (clone 6 -11B-1; Sigma, St. Louis, MO), antiRom1 (Rom 1D5; a gift from Dr. Robert Molday, University of British Columbia, Vancouver, Canada), rabbit polyclonal anti-RPGR, and anti-RPGR interacting protein (RPGRIP) (gifts from Dr. Tiansen Li, Harvard University, Cambridge, MA). Cy3-, Alexa 468-, and Alexa 633-conjugated secondary antibodies were obtained from Jackson ImmunoResearch (West Grove, PA) or Molecular Probes (Eugene, OR). Stained sections were viewed with a Zeiss LSM 510 Meta confocal microscope, and the images were processed with Zeiss Meta 510 software (Carl Zeiss MicroImaging, Thornwood, NY).
For measurement of axoneme length, 12-m-thick frozen sections were stained with anti-acetylated ␣-tubulin antibodies as described above. The stained sections were evaluated by confocal immunomicroscopy, and the cord lengths were measured using the Zeiss Meta 510 software.
Isolation of photoreceptor outer segments and axonemes. Individual photoreceptor outer segments were isolated using a modification of established techniques (Yang et al., 2002) . Briefly, fresh wild-type retinas from 2-week-old C57BL/6 mice were collected and fixed with 4% PFA in PBS for 30 min. The retinas were rinsed in PBS and then shaken gently in 100 l of PBS. Ten microliters of the resulting suspension, which contained intact outer segments, were transferred to a glass slide and coimmunostained with antibodies to Rp1 and acetylated ␣-tubulin antibodies as described above.
A modification of this approach was used to isolate individual photoreceptor axonemes. Fresh retinas from at least three 2-week-old wildtype, homozygous Rp1 ⌬2-3/⌬2-3 , and Rp1 myc/myc mice were dissected and immediately frozen in liquid nitrogen. The frozen retinas were then thawed in 100 l of PBS and shaken gently. With this freeze-thaw approach, the major component present in the resulting suspension was individual axonemes. Ten microliters of the axoneme solution were used for immunostaining with anti-Rp1 and ␣-tubulin antibodies (clone DM1A; Sigma). The axonemes were viewed with confocal differential interference contrast (DIC) and fluorescence microscopy. Axoneme cord lengths were measured from the DIC images using the Zeiss Meta 510 software.
Electron microscopy. Eye cups from 2-week-old wild-type C57BL/6 mice were fixed in 0.05% glutaraldehyde plus 2% paraformaldehyde in PBS, pH 7.4, for 1 hr. Tissues were then dehydrated in a graded ethanol series, infiltrated, and embedded in EMbed812 (Electron Microscopy Sciences) or Lowicryl resin. For ultrastructural analyses, ultrathin sections (70 nm) were cut, stained with lead citrate and uranyl acetate, and examined using a Jeol 1010 transmission electron microscope. For immunoelectron microscopy, ultrathin sections of the Lowicryl-embedded tissue were collected on 200-mesh nickel grids coated with Formvar. The samples were blocked in 1% BSA in PBS for 30 min, followed by incubation with anti-CЈ-Rp1 antibody (1:400) in blocking buffer overnight at 4°C. The sections were then washed, incubated with goat anti-chicken IgY conjugated to colloidal gold (10 nm) for 40 min, stained with uranyl acetate, and examined.
Expression of human RP1 proteins in COS-7 cells. The full-length RP1 cDNA was amplified from total human retinal RNA by RT-PCR and cloned into the pcDNA3.1/V5-His vector (Invitrogen, Gaithersburg, MD). Four cDNA fragments corresponding to codons 1-682 (N1), 238 -682 (N2), 704 -1,812 (M), and 1,788 -2,156 (C) of the human RP1 coding sequence (GenBank NM_006269) were then amplified by PCR from the full-length RP1 cDNA clone using primers containing the desired restriction enzyme recognition sites and subcloned into pcDNA3.1/V5-His.
COS-7 cells were cultured on glass coverslips in six-well plates using DMEM media (Invitrogen) with 10% fetal bovine serum (HyClone, Logan, UT) at 37°C with 10% CO 2 . For expression experiments, 1-3 g of each RP1 construct was transfected into 1 ϫ 10 5 cells using Lipofectamine 2000 (Invitrogen). After 48 hr, the transfected cells were washed twice with room temperature PBS and fixed with cold methanol for 2 min. The cells were then permeabilized with 0.5% Triton X-100 in PBS for 10 min, blocked with 1% BSA and 0.2% Triton X-100 in PBS for 1 hr, and then incubated sequentially with monoclonal anti-V5 antibodies (Invitrogen), Cy3 goat anti-mouse antibodies (Jackson ImmunoResearch), and FITC-conjugated anti-␣ tubulin antibodies (clone DM1A; Sigma). Cell nuclei were counterstained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (1 g/ml; Molecular Probes). Fluorescent signals were visualized using a Nikon TE300 fluorescent microscope or a Zeiss LSM 510 Meta confocal microscope. For the microtubule stability experiments, transfected cells were treated with 2.5, 5, or 10 M nocodazole for 2 hr before being immunostained as described above.
Isolation of microtubules from retina. Microtubules were assembled from the cytosolic fraction of mouse retina as described (Weingarten et al., 1975; Gleeson et al., 1999) . Briefly, retinas from wild-type C57BL/6 mice were homogenized in PEM buffer (80 mM HEPES, pH 7.5, 1 mM EGTA, and 2.5 mM MgCl 2 ) containing 0.5% Triton-X100 and 1ϫ protease inhibitor mixture (Roche Applied Science, Indianapolis, IN). The homogenates were then centrifuged 100,000 ϫ g for 30 min at 4°C, and the tubulin-rich cytosol was collected. Five milligrams of cytosol were then added to 500 l of PEM-GTP buffer plus 20 M Taxol, and the mixture was incubated at 35°C for 30 min to allow the microtubules to polymerize. The polymerized microtubules were then collected by centrifugation at 100,000 ϫ g for 40 min at 35°C through 1 ml of cushion buffer (PEM buffer plus 20% sucrose and 20 M Taxol). The supernatant from this initial spin was collected. The microtubule pellets were then subjected to three cycles of cold depolymerization, warm polymerization, and centrifugation. The final purified microtubule pellet, the concentrated supernatant, and an aliquot of the initial cytosol were then subjected to Western blotting with anti-Rp1 antibodies .
In vitro microtubule binding assay. For these experiments, cytosolic extracts were prepared from N1-RP1-and N2-RP1-transfected COS-7 cells as described above. Microtubules were assembled from 100 g of highly purified bovine tubulin by incubation at 35°C for 30 min in PEM buffer supplemented with 1 mM GTP (Cytoskeleton, Denver, CO). One milligram of COS-7 cell extract was then added to the assembled microtubules, and the mixtures were incubated at 35°C for 30 min. The mixtures were then layered on top of 1 ml of cushion buffer, and the polymerized microtubules were sedimented by centrifugation at 100,000 ϫ g for 40 min at 35°C. The supernatant of this original spin was collected, and the microtubule pellets were then subjected to three cycles of cold depolymerization, warm polymerization, and centrifugation. The final purified microtubule pellet, the concentrated supernatant, and an aliquot of the initial cytosol were then analyzed by Western blot analysis for the presence of the recombinant RP1 proteins using anti-V5 antibodies.
Microtubule polymerization assay. To generate purified recombinant Rp1 proteins for use in microtubule polymerization assays, 7.5 ϫ 10 6 HeLa cells were transfected with 30 g of plasmid DNA. The transfected cells were cultured in F-12K media with 10% FCS for 3 d. The His-tagged recombinant proteins were then purified from cell extracts using Talon Metal Affinity Resin (Clontech, Palo Alto, CA) according to the manufacturer's instructions. The purified proteins were dialyzed overnight against PEM buffer at 4°C and concentrated to 1 mg/ml using a Centricon spin concentrator (Amicon, Beverly, MA). SDS-PAGE analysis of the purified recombinant proteins demonstrated that they were Ն90% pure.
For polymerization assays, purified bovine tubulin (Cytoskeleton) was diluted to 10 M in 200 l PEM buffer with 1 mM GTP in a quartz cuvette. The purified recombinant N1-or N2-RP1 proteins were then added to the cuvettes to a final concentration of 5 M and mixed briefly, and the assembly of tubulin into microtubules was followed by measuring the absorbance of the solutions at 340 nm at 1 min intervals in a Beckman DU 640 spectrophotometer equipped with temperature-controlled cells (Gaskin, 1982) . Switching the temperature to 37°C induced assembly. The initial absorbance was set to zero at time 0 for each sample. PEM buffer was used as negative control, and 10 M Taxol was used as a positive polymerization control.
Results

Rp1 is concentrated in the outer segment portion of the photoreceptor axoneme
The RP1 protein was localized previously to the region of the connecting cilia of rod and cone photoreceptors . To determine whether RP1 is part of the photoreceptor axoneme, we performed colocalization studies with antibodies to acetylated ␣-tubulin that bind only to stabilized microtubules (Sale et al., 1988) . We also compared the location of Rp1 with other photoreceptor proteins with well defined distributions using confocal immunomicroscopy. Antibodies to the RPGR were used as a marker for connecting cilia , and antibodies to Rom1 were used as a marker of outer segment discs (Molday et al., 1987) .
As shown in Figure 1 , Rp1 colocalizes with the acetylated ␣-tubulin of the axoneme ( Fig. 1 A) . This can be seen well in the merged images, where the red Rp1 and green acetylated ␣-tubulin signals overlap to produce a yelloworange signal in the axoneme ( Fig. 1 A3,A4 ). The colocalization of the Rp1 and acetylated ␣-tubulin signals was evaluated by quantitative analysis of the immunostaining pattern. For this analysis, the intensity of the different fluorescent labels was evaluated in each pixel along a line drawn through the axoneme using the LSM 510 Meta analysis software. Such an analysis is possible because the Meta detector in the LSM 510 Meta confocal microscope acquires the spectral signatures for each pixel of the scanned image. This information can then be used to separate the overlapping emission signals within each pixel. The resulting separated signal intensities for each dye were plotted as a function of distance. Using this approach, the Rp1 and acetylated ␣-tubulin The coimmunostained samples were viewed with a Zeiss LSM510 Meta confocal microscope. For A-C, separated images for the two labels are presented in columns 1 and 2. Merged images are shown in columns 3 and 4, with higher-magnification views in column 4. Representative quantitative analyses of the immunostaining patterns are shown in column 5. For these analyses, the intensity of the different fluorescent labels was evaluated in each pixel along a line drawn through the axoneme using the LSM 510 Meta analysis software (lines A4, B3, C4 ). The separated signal intensities for each dye were plotted as a function of distance. A, D, The Rp1 protein colocalizes with the acetylated ␣-tubulin-labeled axoneme in the outer segment but not in the connecting cilium, as indicated by the green signal that extends above the outer segment into the connecting cilium (A4, D3, arrowheads). B, Rp1 is located in the proximal portion of outer segments, as indicated by the colocalization of the Rp1 and Rom1 signals. C, The Rp1 signal does not overlap with the RPGR signal in the connecting cilium, but rather there is a gap between the two signals (C4, arrow). E, Diagram of rod photoreceptor cell. The region of the connecting cilium and the base of the outer segment are enlarged on the right to show the axoneme in the connecting cilium and outer segment. This ophthalmic orientation, with the outer segments of the photoreceptors pointing down, is used in all the figures. IS, Inner segment; OS, outer segment; ac-tu, acetylated ␣-tubulin. signals clearly overlap almost perfectly (Fig. 1 A5) . The analysis shown in Figure 1 A5 is representative of many such analyses performed on this and other double-labeled retinal sections. The quantitative analyses do show a short region of green (acetylated ␣-tubulin) staining that is not overlapped by the red (Rp1) staining at the proximal end of the axoneme. This short region of green signal, which measures 1.2-1.5 m, can also be observed in the higher-magnification view of the confocal image and corresponds to the portion of the axoneme in the connecting cilium, which is stained with antibodies to acetylated ␣-tubulin but not with the anti-Rp1 antibodies (Fig. 1 A4 ) . Immunostaining of isolated photoreceptor outer segments showed the same result, with the portion of the axoneme in the connecting cilium stained by antibodies to acetylated ␣-tubulin but not Rp1 (Fig. 1 D) .
Rom1 is an integral component of outer segment discs (Bascom et al., 1992) . Comparison of the Rp1 and Rom1 signals confirms that Rp1 is located in the proximal portion of outer segments (Fig. 1 B) . Rp1 was present as a single longitudinal streak of fluorescence along one side of outer segments that arises at the base of the outer segment (OS) and continues part of the way toward the distal end. Quantitative analysis of the merged image shows that the Rp1 signal starts in the same location as the Rom1 signal, again indicating that Rp1 is concentrated in the outer segment portion of the axoneme (Fig. 1 B5) . The length of the Rp1 signal, as estimated from analyses of Ͼ30 outer segments, is 8.31 Ϯ 1.03 m. This is approximately one/third of the outer segment length (25-30 m), as measured from the Rom1 signal.
RPGR and RPGRIP are located in the connecting cilium of rod and cone photoreceptors in mice. Although these proteins have been found in the outer segments of rods and cones in bovine and human retinas, reproducible staining of connecting cilia in mouse retina is obtained when samples are prepared without fixation (Hong et al., 2001 Mavlyutov et al., 2002) . Coimmunostaining shows that the Rp1 and RPGR signals are in distinct portions of axoneme, with Rp1 found distally in the outer segment and RPGR found proximally in the connecting cilium (Fig. 1C) . The higher-magnification image and quantitative analysis show that there is a gap of 200 -300 nm between the Rp1 (red) and RPGR (green) signals.
Immunoelectron microscopy confirms that Rp1 is concentrated in the outer segment portion of the photoreceptor axoneme. The Rp1 labeling extends along the length of the axoneme (Fig. 2 A) . Higher magnification shows that the Rp1 signal is closely associated with microtubule doublets and is concentrated on the side of the axoneme closest to the nascent disc membranes (Fig. 2 B) . In contrast to the confocal data described above, gold particles are observed in the connecting cilium, although at a lower concentration than seen in the outer segment.
RP1 interacts with microtubules
We next sought to determine whether RP1 interacts with microtubules. To test this, microtubules were assembled from the cytosolic fraction of retinal extracts by repeated cycles of polymerization, depolymerization, and centrifugation and examined for the presence of Rp1. This microtubule preparation is highly purified and contains only microtubules and MAPs (Sloboda and Rosenbaum, 1982) . The starting cytosol, the supernatant from the first round of sedimentation, and the final microtubule pellet were then evaluated for the presence of Rp1 by Western blot analysis. As shown in Figure 3A , endogenous Rp1 was associated with the polymerized microtubule pellet. These data suggest that RP1 physically interacts with the microtubule cytoskeleton, either through a direct interaction with microtubules or indirectly through a bridging protein partner. A, Microtubules were assembled from cytosolic extracts of mouse retina by repeated cycles of polymerization-depolymerization. The complete cytosol (total), the supernatant of the first spin, and the final microtubule pellet (MT pellet) were analyzed by Western blot analysis using two different anti-Rp1 antibodies, as indicated. The 240 kDa RP1 protein was detected in the microtubule pellet by both antibodies. B, Diagram of the full-length RP1 cDNA and four cDNA fragments used for COS-7 transfection experiments. These constructs contain a C-terminal V5 epitope tag to facilitate identification of the recombinant RP1 proteins. The RP1 codons included are indicated within the body of each construct. The DCX domains are indicated in black; the V5 epitope tag is indicated in white. C, The ability of recombinant N1-RP1 and N2-RP1 proteins produced in COS-7 cells to bind to microtubules was tested using a cosedimentation assay. The starting material (total), supernatant, and microtubule pellet (MT Pellet) were analyzed by Western blot analysis using anti-V5 antibodies to detect the recombinant RP1 proteins. The sizes of the detected proteins are shown on the right. The N1-RP1 protein (80 kDa), which contains the DCX domains, co-sediments with the microtubule pellets. The N2-RP1 protein (53 kDa), which lacks the DCX domains, was found in the supernatant.
The interaction between RP1 and microtubules is mediated by the DCX domains in vitro Given the findings that RP1 coassembles with microtubules, we next asked whether the interaction between RP1 and the microtubules of the photoreceptor axoneme is mediated by the two tandem DCX domains at the N terminus of RP1. We prepared five different RP1 constructs that contained different portions of the RP1 cDNA for these experiments (Fig. 3B) . The N1-RP1 construct is identical to the Rp1-myc allele; both mimic the truncation alleles that have been found to cause RP1 disease (Berson et al., 2001; Liu et al., 2003) . The N2-RP1 construct is a shortened version of the Rp1-⌬2-3 allele and lacks the DCX domains (Gao et al., 2002) . As a first test of the DCX domains, we transfected COS-7 cells with the N1-and N2-RP1 constructs and tested the ability of the two recombinant proteins to bind to polymerized microtubules. As shown in Figure 3C , the N1 protein bound to and sedimented with microtubules. In contrast, the N2-RP1 protein lost its ability to bind to microtubules and was found in the supernatant.
The five RP1 cDNA constructs were then transfected into COS-7 cells, and the cells were coimmunostained with antibodies to ␣-tubulin to detect microtubules and with anti-V5 antibodies to detect the recombinant RP1 proteins. Expression of the fulllength protein was detected, but in fewer cells and at lower levels than observed with the shorter constructs. The cells that did express the full-length protein showed a mixed RP1 staining pattern, consisting of a fiber network and punctate spots (Fig. 4 A) . Comparison of the RP1 and microtubule signals showed that both the RP1 network and spots colocalized with microtubules. This can be seen best in the higher-magnification view of the merged image; each spot of RP1 labeling (red) lines up along a microtubule fiber (green) (Fig. 4 A4 ) .
The N1-RP1 protein was also found in an organized network of fibers that extended throughout the cell, with fewer punctate spots of staining than the fulllength protein.
Comparison of the N1-RP1 and ␣-tubulin signals showed precise colocalization, as indicated by the yelloworange color of the microtubule fibers in the merged images (Fig. 4 B) . Treatment of the N1-RP1 transfected cells with nocodazole, which depolymerizes microtubules, eliminated both the microtubule and the RP1 networks of staining, indicating that the distribution of RP1 was dependent on the microtubule network (Fig. 4C) . Transfection of COS-7 cells with the N2-RP1 protein, which lacks the DCX domains, resulted in diffuse RP1 labeling throughout the cytoplasm that did not match the microtubule network (Fig. 4 D) . The results for the M-and C-RP1 constructs were identical to those found for N2 (data not shown).
The N1-RP1 protein has MAP activities Structural MAPs are defined by their ability to stimulate tubulin polymerization and stabilize polymerized microtubules (Cassimeris and Spittle, 2001) . To test the RP1 protein for MAP activities, the stability of microtubules in COS-7 cells transfected with the N1-and N2-RP1 constructs was evaluated. Cells were transfected with the N1-and N2-RP1 plasmids and then treated with different concentrations of nocodazole 48 hr later. The status of the microtubule networks in the transfected cells was evaluated after 2 hr of nocodazole treatment by coimmunostaining the cells with antibodies to V5 (to detect the recombinant RP1 proteins) and ␣-tubulin. Figure 5 shows that the microtubule network of N1-RP1-transfected cells was more resistant to drug-induced depolymerization than the N2-RP1-transfected cells and the surrounding nontransfected cells. For example, in the cultures treated with 5 M nocodazole, 100% of N1-RP1-transfected cells showed a preserved cytoplasmic microtubule network. In contrast, all of the surrounding nontransfected cells and the N2-RP1-transfected cells lost their cytoplasmic microtubules (Fig. 5A3,B3) .
To test the ability of RP1 to stimulate tubulin polymerization into microtubules, recombinant N1-and N2-RP1 proteins were purified from transfected HeLa cell extracts by affinity chromatography. The purified proteins were then tested for their ability to stimulate the polymerization of purified tubulin using a standard in vitro assay (Gaskin, 1982) . As shown in Figure 6 , the N1-RP1 protein greatly enhanced the rate and extent of tubulin polymerization. In contrast, the N2-RP1 protein, which lacks the DCX domain, was a much less potent stimulus of tubulin polymerization. It would be desirable to repeat these in vitro experiments with full-length RP1 protein. Unfortunately, the efficiency of transfection and level of protein expression in cultured cells have been low using the full-length RP1 expression vector, despite repeated attempts using several different promoters and transfection systems. We are working on alternative approaches to express the full-length protein.
It is noteworthy that the DCX domains in RP1 are active, although there is only 31% identity over the 201 amino acid region of homology between RP1 and doublecortin (Pierce et al., 1999) . Although other proteins with DCX domains have been demonstrated to be MAPs, they share greater homology with doublecortin. For example, the zyg-8 protein from Caenorhabditis elegans has been shown to be a DCX MAP that is required for correct mitotic spindle positioning; the zyg-8 DCX domains are 48% homologous to human doublecortin (Gonczy et al., 2001) . These data imply that although the sequence homology is low, the DCX domains of RP1 share the same microtubule-binding ubiquitin fold found in doublecortin and doublecortin-like kinase (DCLK) (Kim et al., 2003) .
The DCX domains in the Rp1 protein are active in vivo
To determine whether the doublecortin domains in RP1 are active in vivo, we took advantage of the two lines of mice with targeted disruptions of the Rp1 gene that have been generated to date. Because the Rp1-⌬2-3 protein lacks the DCX domains and the Rp1-myc protein lacks the C-terminal two-thirds of the Rp1 protein, these two mutant alleles provide the opportunity to assess the function of the DCX domains in vivo (Fig. 7A) .
As a first test to evaluate the MAP function of RP1 in vivo, we assessed the lengths of the photoreceptor axonemes in wild-type, homozygous Rp1 ⌬2-3/⌬2-3 , and Rp1 myc/myc mice. Two methods were used for these experiments. First, we measured the lengths of isolated photoreceptor axonemes. Immunostaining with antibodies to Rp1 and ␣-tubulin demonstrated that these preparations contain both the axoneme from the outer segment and cytoplasmic microtubules from the inner segment of photoreceptors (Fig. 7B) . The axonemes stain with antibodies to Rp1; the cytoplasmic microtubules extend above and stain with antibodies to rootletin (data not shown) (Yang et al., 2002) . Ten axonemes isolated from each of the three different types of mice were identified by immunostaining, and their cord lengths were measured from the DIC images. The axonemes of Rp1 ⌬2-3/⌬2-3 mice were notably shorter (3.3 Ϯ 1.1 m) than those isolated from wildtype (10.1 Ϯ 1.7 m) or Rp1 myc/myc (9.3 Ϯ 1.4 m) mice. As a second approach, axoneme lengths were also evaluated in frozen sections prepared from fixed eyes of wild-type, homozy- (green) antibodies to assess the stability of the microtubule network in transfected cells. Nuclei were counterstained with DAPI (blue). Cells transfected with N1-RP1 retained intact cytoplasmic microtubule networks up to 5 M nocodazole (A1-A3). N2-RP1 did not colocalize with microtubules, and treatment of N2-RP1-transfected cells with all concentrations of nocodazole caused loss of microtubule networks (B1-B4 ). After treatment with 10 M nocodazole, the cytoplasmic microtubules of the N1-RP1-transfected cells were also partially disrupted, although some polymerized microtubules remained in transfected cells, especially in the microtubule organizing centers. Even the microtubule organizing centers have been lost in the surrounding untransfected cells and N2-RP1-transfected cells subjected to 10 M nocodazole (A4-B4 ). Figure 6 . N1-RP1 stimulates microtubule polymerization. N1-RP1 and N2-RP1 recombinant proteins were incubated with purified tubulin at 37°C, and the extent of polymerization into microtubules was measured by absorbance at 340 nm over 60 min at 1 min intervals. The N1-RP1 protein was almost as efficient as the positive control Taxol at promoting microtubule assembly. In contrast, the N2-RP1 protein was much less active. Tubulin alone served as a negative control.
gous Rp1 ⌬2-3/⌬2-3 , and Rp1 myc/myc mice. Axonemes were identified by staining with antibodies to acetylated ␣-tubulin, followed by confocal immunomicroscopy. The cord lengths of 50 axonemes from each type of mouse were then measured from the stacked three-dimensional confocal images using the LSM510 Meta software. As shown in Figure 8 , the axonemes of Rp1
⌬2-
3/⌬2-3 mice were significantly shorter (7.9 Ϯ 1.3 m) than those of wild-type (9.5 Ϯ 1.1 m) or Rp1 myc/myc (9.8 Ϯ 1.3 m) mice, although the difference was not as large as that observed in isolated axonemes.
Data from the isolated axonemes suggested that the Rp1-⌬2-3 protein was mislocalized into the connecting cilium (Fig. 7B) . We therefore examined the location of the Rp1-⌬2-3 protein in vivo.
For these experiments, double mutant Rp1 myc/⌬2-3 mice with one Rp1-myc mutant allele and one Rp1-⌬2-3 allele were generated by crossing homozygous Rp1 ⌬2-3/⌬2-3 and Rp1 myc/myc mice. The Rp1 myc/⌬2-3 mice demonstrate the same defects in outer segment formation observed in the mice with the individual mutant alleles, with accumulation of short stacks of enlarged disoriented discs in place of organized outer segments (data not shown) (Gao et al., 2002; Liu et al., 2003) . In the retinas of the Rp1 myc/⌬2-3 mice, the truncated Rp1-myc protein, which contains the DCX domains and has a 10 amino acid myc tag incorporated at its C terminus, had almost the same distribution as the wild-type Rp1 protein in the outer segment portion of the photoreceptor axoneme (Fig. 8C1,C3) (Liu et al., 2003) . Most of the mutant Rp1-⌬2-3 protein was mislocalized toward the inner segment and overlapped the Rp1-myc signal for only 0.7 m at the base of the outer segment (Fig. 8C1) . Coimmunostaining with RPGR showed that the Rp1-⌬2-3 protein was detected in the connecting cilium and inner segment (Fig. 8C2 ). This can be appreciated in the quantitative analysis, showing red Rp1-⌬2-3 signal proximal to, overlapping with, and distal to the blue RPGR signal. A summary of the locations of the different forms of the Rp1 protein is shown in Figure 8 D.
Discussion
RP1 is a MAP that stabilizes the photoreceptor axoneme
The RP1 protein has all the activities of a MAP: it is a component of the photoreceptor axoneme, it coassembles with microtubules from retina, and RP1 proteins that contain the DCX domains can stimulate microtubule polymerization and stabilize existing microtubules in vitro and in vivo. Given the specific expression of RP1 in photoreceptors, RP1 is thus the first photoreceptorspecific MAP to be identified.
The data presented above demonstrate that in vivo RP1 participates in controlling the length and stability of the photoreceptor axoneme and that these MAP activities are mediated primarily by the DCX domains. First, when measured in fixed retinal sections, the axonemes of Rp1 ⌬2-3/⌬2-3 mice were 20% shorter than controls, suggesting that RP1 helps control axoneme length in vivo. Second, axonemes isolated from Rp1 ⌬2-3/⌬2-3 mice were 70% shorter than control axonemes. Because axonemes isolated from wild-type retinas were the same length as that observed in fixed retinal sections, these data are consistent with a role for RP1 in stabilizing the axoneme against the stresses associated with isolation. Furthermore, axonemes from Rp1-myc mice were of normal length, indicating that the N-terminal one-third of RP1 with the DCX domains is sufficient to fulfill the role of RP1 as a stabilizer of the axoneme. The in vitro data support the in vivo findings. Recombinant N1-RP1 protein, containing the same portion of RP1 as the Rp1-myc protein, was able to stimulate polymerization of purified tubulin into microtubules in vitro and to stabilize microtubules in transfected COS-7 cells. The N2-RP1 protein, without the DCX domains, was significantly less active in these assays. The identification of RP1 as a regulator of axoneme length and stability in photoreceptors is significant, given that the axoneme is the first structure produced during the development of, and is thought to be an important organizing structure for, outer segments (De Robertis, 1960) .
In other systems, such as Chlamydomonas flagella, axonemes have been shown to be dynamic structures, with continual polymerization and depolymerization of the microtubules at their distal or plus ends (Marshall and Rosenbaum, 2001 ). The factors ϩ/ϩ and Rp1 myc/myc mice were well preserved and measured 11-12 m from the basal body (arrows) to the distal end. In contrast, axonemes from the Rp ⌬2-3/⌬2-3 mice were much shorter, measuring ϳ3 m. The Rp1 signal in the Rp ⌬2-3/⌬2-3 axonemes was also mislocalized into the connecting cilium and cytoplasmic microtubules.
that control the dynamic equilibrium of axonemes remain to be defined, although it has been demonstrated that axoneme stability in Chlamydomonas is dependent on delivery of axoneme components to the flagellar tip via intraflagellar transport (Qin et al., 2004) . The data presented above suggest that the photoreceptor axoneme is also a dynamic structure. RP1 may help regulate the length of the axoneme by promoting rescue (elongation) or suppressing catastrophes (shortening) of the microtubules in the axoneme (Desai and Mitchison, 1997) .
There is increasing recognition of the important roles primary or sensory cilia play in many cell types. For example, mutations in the polycystins, which are components of the primary cilia of renal epithelial cells, cause polycystic kidney disease (Calvet and Grantham, 2001) . Similarly, mutations in the nephrocystins cause Senior-Loken syndrome, with cystic kidney disease plus retinal degeneration (Hildebrandt et al., 1997; Mollet et al., 2002) . Mice with disruption of another cilium protein, polaris or TgN737, also develop defects in right-left symmetry, consistent with a role for cilia in axis patterning during development (Murcia et al., 2000) . The finding that a MAP such as RP1 could participate in control of axoneme length and stability may thus be of general importance, because it suggests that other MAPs may also participate in the regulation of axoneme length in other sensory or primary cilia.
RP1 in the outer segment portion of the axoneme
The immunofluorescence and electron microscopy data show that RP1 is concentrated in the outer segment portion of the axoneme and not the connecting cilium itself. A similar observation was reported recently by Zhao et al. (2003) . The connecting cilium of photoreceptors is thought to be analogous to the transition zone of other cilia, in which the triplex structure of the microtubules in the basal body is converted to the duplex structure in the mature axoneme (Rohlich, 1975; Horst et al., 1990; Hong et al., 2003) . The outer segment location of RP1 is thus likely to reflect a functional role as part of the mature axoneme, rather than the transition zone within the connecting cilium.
In addition to conferring MAP function to RP1, the DCX domains are also required for correct localization in the outer segment portion of the axoneme; without the DCX domains, the Rp1-⌬2-3 protein was mislocalized into the connecting cilium and inner segment. These data suggest that other portions of RP1 may also participate in the interaction between RP1 and microtubules, because the truncated Rp1-⌬2-3 protein was still asso- A, Frozen sections of retina from mice with the genotypes indicated were stained with antibodies to acetylated ␣-tubulin and viewed by confocal microscopy. Individual axonemes were identified by viewing the confocal images at high magnification. The axonemes were traced (example traces in red), and the cord lengths of 50 axonemes from each type of mouse were then measured using the LSM510 Meta software. ONL, Outer nuclear layer; IS, inner segment; CC, connecting cilium; AXN, axoneme; OS, outer segment; RPE, retinal pigment epithelium. B, The mean lengths Ϯ SD of the 50 axonemes from each genotype of mouse are indicated. The length of the axonemes in the Rp ⌬2-3/⌬2-3 mice is significantly shorter than those of the wild-type and Rp1-myc mice (*p Ͻ 0.01). C, Frozen sections of the retinas from 2-week-old double mutant Rp1 myc/⌬2-3 mice were coimmunostained with pairs of antibodies to detect the Rp1-⌬2-3 protein (anti-C-Rp1, red), the Rp1-myc protein (anti-myc, green), and the connecting cilium (anti-RPGR, blue). The merged images and quantitative analyses are shown for each antibody pair. The analysis profiles start proximally and proceed distally into the outer segment. The Rp1-myc protein is localized correctly to the outer segment portion of the axoneme (C1, C3). In contrast, the Rp1-⌬2-3 protein is mislocalized into the connecting cilium and inner segment (C1, C2). D, Diagram of the junction between the inner and outer segments of a rod photoreceptor cell, showing the location of the wild-type Rp1 and Rp1-myc proteins (green) and the Rp1-⌬2-3 deletion protein (red).
ciated with the axoneme in the connecting cilium. Consistent with this idea, the N2-RP1 protein had limited ability to stimulate tubulin polymerization. The punctate concentrations observed along microtubules after expression of full-length RP1 in COS-7 cells may reflect interactions between the C-terminal portion of RP1 and other proteins within the cell. Punctate staining has also been observed after expression of other MAPs, such as DCX, and MAP2 in cultured cells, so the implications of this expression pattern are not certain (Matus et al., 1986; Gleeson et al., 1999) .
RP1 is a MAP neurodegenerative disease
The importance of MAPs in regulating cell function is highlighted by the findings that MAP dysfunction can lead to several types of neurologic disease. Mutations in doublecortin cause defective neuronal migration during development, leading to the abnormalities in the layering of the cerebral cortex found in the diseases X-linked lissencephaly and double cortex syndrome (des Portes et al., 1998; Gleeson et al., 1998) . A mutation in the microtubule-binding domain of the dynactin subunit p150
Glued has recently been shown to cause a form of lower motor neuron degeneration (Puls et al., 2003) . Mutations in the neuronal MAP tau cause frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17), which is characterized by decreased ability of the mutant tau to bind microtubules, accumulation of tau-containing filaments in neurons, and subsequent neuronal failure (for review, see Garcia and Cleveland, 2001) . Similarly, defective tau interactions with axonal microtubules attributable to hyperphosphorylation of tau is an important component in the pathogenesis of Alzheimer's disease (Higuchi et al., 2002) . The identification of RP1 as a MAP demonstrates that the RP1 form of RP is part of a larger class of neurodegenerative disorders that are caused by MAP dysfunction.
Does RP1 link outer segment discs to the axoneme?
Previous data from the Rp1-⌬2-3 and Rp1-myc mice indicate that RP1 has a role in keeping newly formed outer segment discs in the correct orientation and in the stacking of discs into mature outer segments (Gao et al., 2002; Liu et al., 2003) . How does RP1 accomplish this task? The identification of RP1 as a MAP suggests several possible mechanisms. One possibility is that RP1 is required for formation of the axoneme, which in turn functions to organize outer segment discs (Kaplan et al., 1987) . No obvious ultrastructural defects were observed in the axonemes of Rp1 ⌬2-3/⌬2-3 and Rp1 myc/myc mice to support this hypothesis, although additional investigation of this issue is warranted (Gao et al., 2002; Liu et al., 2003) . A second possibility is that RP1 could function as a linker protein to help "capture" nascent outer segment discs and align them with the axoneme for stacking and then movement down the outer segment. A class of MAPs called cytoplasmic linker proteins (CLIPs) may perform similar linker functions. CLIP proteins were originally identified by their ability to mediate interactions between microtubules and cytoplasmic organelles. The founding member of the group, CLIP-170, was shown to be required for the binding of endocytic carrier vesicles to microtubules in vitro (Pierre et al., 1992) . In addition to their functions as cytoplasmic linkers, some CLIPs are located at the growing (plus) ends of microtubules and regulate microtubule dynamics (Komarova et al., 2002) .
It is also possible that RP1 is part of a protein complex that aligns outer segment discs with the axoneme. The dynactin complex may have such a linker function. The dynactin subunit p150
Glued is required for the microtubule-based motility of organelles in neurons (Waterman-Storer et al., 1997). Additional studies showed that microtubules labeled with p150
Glued interact with Golgi membrane vesicles before the transport of the vesicles, suggesting that p150
Glued may help capture Golgi membranes for movement (Vaughan et al., 2002) . Identification of the other proteins that interact with RP1 will be required to determine whether one of these models is correct.
In either model, with RP1 as a direct link between the discs and axoneme or as a part of a linker complex, the phenotype of Rp1 mutant mice would be explained by loss of the connection between the axoneme and discs. A similar mechanism may be at work in patients with RP1 disease. All 20 RP1 mutations identified to date are either nonsense or frame shift mutations and are clustered at the beginning of exon 4 (codons 263-2156) (Berson et al., 2001) . We recently reported that mutant RP1 mRNA can escape nonsense-mediated mRNA decay, consistent with the location of the premature termination mutations after the final intron-exon boundary of the RP1 gene (Liu et al., 2003) . Production of truncated protein by the mutant RP1 alleles would be predicted to cause defects in disc stacking similar to those observed in the mutant mice. The presence of disorganized outer segments would then lead to photoreceptor cell death over time, although the mechanism by which this occurs remains to be determined. Mutations in several other photoreceptor genes also lead to production of disorganized outer segments, including retinal degeneration slow-peripherin and RPGRIP, so this may be a common pathway to photoreceptor cell death (Pierce, 2001; Zhao et al., 2003) .
